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PREFACE 
The IIASA Energy Systems Program s t u d i e s  g l o b a l  a s p e c t s  
o f  energy sys tems  i n  t e r m s  o f  r e s o u r c e s ,  demand, o p t i o n s ,  
s t r a t e g i e s  and c o n s t r a i n t s .  One c o n s t r a i n t  o n  any energy  
sys tem i s  r e p r e s e n t e d  by i t s  impact  o n  c l i m a t e ,  a  t o p i c  which 
was i n v e s t i g a t e d  by t h e  Energy and C l i m a t e  S u b t a s k .  
T h i s  r e p o r t  i s  t h e  f o u r t h  i n  a  series o f  p a p e r s  (Murphy 
e t  a l . ,  1976; Wi l l i ams  e t  a l . ,  1977a,b)  d e s c r i b i n g  t h e  e f f o r t s  
i n  s t u d y i n g  t h e  impact  o f  waste h e a t  on  t h e  a t m o s p h e r i c  c i r c u -  
l a t i o n .  The problem w a s  s t u d i e d  u s i n q  a  numer ica l  model 
o f  t h e  a t m o s p h e r i c  g e n e r a l  c i r c u l a t i o n .  R e s u l t s  o f  model ex- 
p e r i m e n t s  u s i n g  5 s c e n a r i o s  f o r  w a s t e  h e a t  i n p u t  were d e s c r i b e d  
i n  t h e  e a r l i e r  r e p o r t s .  Here t h r e e  more exper iments  a r e  re- 
p o r t e d  which w e r e  made w i t h  t h e  same model b u t  w i t h  a d i f f e r e n t  
s c e n a r i o .  
T h i s  r e s e a r c h  was s u p p o r t e d  by a  g r a n t  from t h e  Uni ted  
Na t ions  Environment Programme (UNEP). The computer r e q u i r e -  
ments  w e r e  s u p p o r t e d  by I < e r n f o r s c h u n g s z e n t r  1:arlsruhe (KFK) , 
F.R.G. 
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SUMMARY 
The general circulation model (GCM) of the Meteorological 
Office (NO), U.R., was used to investigate the impact of 
waste heat on simulated global climate. These experiments are 
a further set in a series of experiments made to investigate 
the behavior of the simulated circulation with different sce- 
narios and energy releases. In contrast to the previous ex- 
periments, the heat is distributed only over continental areas, 
where large energy and/or population densities can be expected 
in the future. 
The results suggest that the atmosphere responds very 
sensitively to the distribution of the heat input. Although the 
total hemispheric changes are smaller than in some of the pre- 
vious experiments, there are still considerable areas where the 
difference between the perturbed model run and the control cases 
is large compared with the inherent variability of the model. 
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.IMPACT OF WASTE HEAT ON SIMULATED CLIMATE: 
A MEGALOPOLIS SCENARIO 
G. KrBmer, J. Williams, A. Gilchrist 
INTRODUCTION 
The Energy and Climate Subtask of IIASA's Energy Systems 
Program studies constraints of climate on energy systems for 
the medium and long-term future. One climate constraint is 
the impact of waste heat. Considering the concept of large 
energy parks, the impact on climate of five different scenarios 
has been investigated so far, using the atmospheric general 
circulation model of the Meteorological Office, United Kingdom. 
Results of these investigations are reported by Murphy et al. 
(1976) and Williams et al. (1977a,b; 1979). 
The earlier experiments are designated EXOI, EX02, 
EX03, EX04 and EX05. The scenarios considered three energy 
parks, which were located in the North Atlantic south.west of 
England (Park A), in the Atlantic west of Africa (Park B) and 
in the North Pacific east of Japan (Park C). One or two of 
these islands were selected for each scenario and 75 or 150 TW 
were released from each of them into the model atmosphere 
except in EX05 where the heat was inserted into an ocean box. 
These relatively unrealistic scenarios were designed as 
alternatives to those used in earlier model studies of the 
impact of waste heat (Washington 1971, 1972) where the heat 
was distributed over the entire continents. Washington (1971) 
used the NCAR general circulation model (GCM) to investigate 
the response of the model atmosphere to an addition of 24 ~ m - 2  
over all continental and ice regions. The total amount of 
heat added was about one order of magnitude bigger than that 
used in the IIASA experiments. Results showed a 1-2'~ increase 
in surface temperature with an 8 ' ~  increase over Siberia and 
northern Canada. 
A more r e a l i s t i c  i n p u t  of  energy was used by Washington 
(1972) . A p e r  c a p i t a  energy  u s e  o f  15 k 3  and an u l t i m a t e  
popu la t i on  of 20 b i l l i o n  w e r e  assumed and t h e  the rmal  p o l l u t i o n  
was d i s t r i b u t e d  acco rd ing  t o  p r e s e n t  day popu la t i on  d e n s i t y .  
I t  was concluded,  however, t h a t  t h e  the rmal  p o l l u t i o n  e f f e c t s  
w e r e  no g r e a t e r  t h a n  t h e  i n h e r e n t  n o i s e  l e v e l  of  t h e  model. 
Llewel lyn and Washington (1977) d i s c u s s  a  f u r t h e r  exper iment  
w i t h  t h e  NCAR GCM, i n  which the rmal  p o l l u t i o n  was added t o  an  
a r e a  ex tend ing  from t h e  A t l a n t i c  seaboard o f  t h e  U.S. t o  t h e  Grea t  
Lakes and F l o r i d a .  I t  was assumed t h a t  t h e  energy  consumption 
f o r  t h a t  r e g i o n  was e q u a l  t o  t h a t  p r e s e n t l y  found i n  Manhattan,  
i . e .  90 ~ m - ~ .  Other  r e g i o n s  o f  t h e  g lobe  w e r e  n o t  modi f ied .  
Temperature d i f f e r e n c e s  o f  a s  much a s  1 2 ' ~  w e r e  observed i n  t h e  
v i c i n i t y  of t h e  anomalous h e a t i n g  b u t  t h e  h e a t i n g  had l i t t l e  
e f f e c t  above t h e  s u r f a c e  l a y e r .  
Washington and Cherv in  (1978) ,  u s ing  an improved v e r s i o n  o f  
t h e  NCAR GCM, cons ide red  t h e  same h e a t  i n p u t  a s  Llewel lyn and 
Washington (1977) i n  b o t h  J anua ry  and J u l y  exper iments .  A su r -  
f a c e  t empe ra tu r e  change o f  1 2 ' ~  o v e r  t h e  a r e a  of  h e a t  i n p u t  was 
found i n  t h e  J anua ry  exper iment .  Smal le r  b u t  s t i l l  s i g n i f i c a n t  
changes,  w i t h  a  maximum of ~ O C ,  w e r e  found i n  t h e  J u l y  e x p e r i -  
ment. S i g n i f i c a n t  changes  i n  p r e c i p i t a t i o n  and s o i l  mo i s tu r e  
w e r e  a l s o  found i n  t h e  p r e s c r i b e d  change r eg ion .  However, 
n e i t h e r  exper iment  produced any ev idence  o f  a  c o h e r e n t ,  s t a t i s -  
t i c a l l y  s i g n i f i c a n t ,  downstream r e sponse  o v e r  t h e  A t l a n t i c  
Ocean o r  Europe. 
Fol lowing t h e  l i n e s  o f  t h e  l a t t e r  series of  exper iments ,  
t h i s  paper  d e s c r i b e s  an  i n v e s t i g a t i o n  o f  a  s c e n a r i o  i n  which 
t h e  was t e  h e a t  r e l e a s e  a r e a s  a r e  d i s t r i b u t e d  i n  a  more r e a l -  
i s t i c  way on ly  ove r  c o n t i n e n t a l  a r e a s  r a t h e r  t h a n  o v e r  t h e  
oceans  a s  i n  t h e  e a r l i e r  IIASA s t u d i e s .  T h i s  approach a v o i d s  
t h e  h e a t  be ing  c o n c e n t r a t e d  i n  sma l l  energy p a r k s  and might  be  
cons ide red  a s  a  compromise between Washington 's  and IIASA's 
e a r l i e r  exper iments .  
THE EXPERIMENTS 
The MO Genera l  C i r c u l a t i o n  Model 
The g e n e r a l  c i r c u l a t i o n  model o f  t h e  Me teo ro log i ca l  O f f i c e  
h a s  been d e s c r i b e d  i n  d e t a i l  by Corby e t  a l .  (1972) .  The v e r s i o n  
o f  t h e  model used i n  t h e  p r e s e n t  s t udy  h a s  f i v e  l e v e l s  i n  t h e  
v e r t i c a l ' ,  e q u a l l y  spaced i n  t e r m s  of  t h e  v e r t i c a l  c o o r d i n a t e  a .  
The h o r i z o n t a l  r e s o l u t i o n  i s  3' i n  t h e  l o n g i t u d i n a l  and l a t i -  
t u d i n a l  d i r e c t i o n s  and o n l y  t h e  n o r t h e r n  hemisphere i s  modelled.  
P r e s c r i b e d  boundary c o n d i t i o n s  i n c l u d e  t h e  e a r t h ' s  orography,  
t h e  incoming s o l a r  r a d i a t i o n ,  s e a  s u r f a c e  t empe ra tu r e  and 
c l o u d i n e s s .  The t empe ra tu r e s  of  t h e  l a n d  s u r f a c e s  a r e  computed 
from a  s u r f a c e  h e a t  b a l a n c e  equa t i on ,  assuming a  h e a t  c a p a c i t y  
f o r  t h e  l and .  A s i m p l i f i e d  h y d r o l o g i c a l  c y c l e  i s  cons ide red ,  
i n  which condensa t ion  is assumed t o  occu r  when t h e  r e l a t i v e  
humidity o f  t h e  a i r  exceeds  100'96. The e f f e c t s  o f  t h e  r e l e a s e  
of latent heat of condensation on the large-scale dynamics of 
the atmosphere are explicitly included, but the effects of 
small-scale convective motions are parameterized. 
THE 14EGALOPOLIS SCENARIO 
In this scenario the heat was released from six different 
regions in the northern hemisphere. The selected locations re- 
present areas where a large population and/or energy consumption 
density could be expected in the future (Doxiadis, 1974; National 
Research Council, 1977; Keyfitz, 1979; Llewellyn and Washington, 
1977). As one might call this a "Megalopolis" scenario we 
denote the energy consumption areas MI-M6. Table 1 gives the 
locations of the heat input and the amount of heat released at 
each location for each experiment. Three experiments have been 
performed with this scenario and they are labeled MX01-MX03. In 
MXO1, the same total amount of heat as in EXOI, EX02 and EX05, 
namely 300 TW, was released from the 6 areas. In MX02 and MX03, 
the input was reduced to a more realistic value, i.e. 50 TW and 
30 TW respectively. The latter values also compare to the 
brackets of primary energy consumption in 2030, as they are 
assumed by the IIASA Energy Systems Program (1980). Figure 1 
S~~OWS the geographical distribution of the 6 areas. The size 
of the areas and their heat input were chosen in such a way 
that the heat released per square meter was the same for each 
grid point. 
Table 1. Scenario for the Megalopolis experiments 
Area 
Heat released Area size 
Location MX01/MX02/MX03 (km2 
M4 
(INDIA) 
M5 
(CHINA) 
M6 
(JAPAN ) 
Total 300/50/30 TW 5 2 50x10 kril 
The experiments were performed with the GCM of the U.R, 
Meteorological Office. In addition to the perturbed cases, the 
same three control cases were used is in the previous investi- 
gations. These control experiments were run with the same 
version of the model and simulate unperturbed January climate. 
They differ from each other only as a result of small random 
differences in the initial conditions. The Megalopolis experi- 
ments have also been performed with January boundary conditions. 
Each experiment is a simulation of 80 model days, and the results 
are generally described in terms of means of meteorological 
variables for days 41-80. 
RESULTS 
In the following, maps showing the differences in meteo- 
rological variables between the Megalopolis experiments and the 
average of the control cases are presented-(Figure'l). The' 
statistical significance of the results is7 considered by com- 
puting the ratio 
where A is the difference at a grid point between the perturbed 
case and the average of the control cases of the 40-day mean of 
a meteorological variable. s40 is the standard deviation of the 
40-day mean of the same variable computed from the three con- 
trol cases. Ratio r has a Student's t distribution with two de- 
grees of freedom and values of the ratio greater than 5.0 are 
statistically significant at the 0.05 level (two-sided test). 
That is, if the ratio r for the variable under consideration is 
greater than 5.0 in an area, there is a 95% chance that the 
difference A is due to a response to the prescribed change and 
not to the inherent variability of the model. The shaded areas 
in Figures 2 to 4 indicate such regions where the ratio is greater 
than 5.0. 
Figure 1. Locations of the energy consumption areas. 
F i g u r e  2 shows t h e  geog raph i ca l  d i s t r i b u t i o n  of  t h e  d i f f e r -  
ences  i n  40-day mean s e a  l e v e l  p r e s s u r e  between t h e  Megalopol is  
exper iments  and t h e  average  of t h e  t h r e e  c o n t r o l  c a s e s .  Areas 
where t h e  " s i g n a l  t o  n o i s e "  r a t i o  i s  g r e a t e r  t h a n  5.0 a r e  shaded.  
I n  MXOl (F ig .  2 a ) ,  a b i g  change o c c u r s  ove r  an  extended a r e a  
cove r ing  e a s t e r n  S i b e r i a  and most of  Canada, i t s  maximum be ing  
a 15 mb p r e s s u r e  i n c r e a s e  ove r  Alaska.  The " s i g n a l  t o  n o i s e "  
r a t i o  i s  g r e a t e r  t h a n  5.0 ove r  a l a r g e  p a r t  o f  t h i s  a r e a .  The 
p r e s s u r e  i n c r e a s e  a l s o  cove r s  p a r t s  of  t h e  P a c i f i c ,  a s  f a r  s o u t h  
a s  4 0 ' ~ .  The e f f e c t  i n  t h e  v i c i n i t y  o f  t h e  American mega lopo l i s  
( M I )  i s  a ,4 rnb d e c r e a s e  r i g h t  ove r  t h i s  a r e a .  Over t h e  A t l a n t i c  
t h e r e  i s  a 12 mb p r e s s u r e  i n c r e a s e ,  which exceeds  t h e  model 
v a r i a b i l i t y .  A d e c r e a s e  cove r s  Greenland which, d e s p i t e  i t s  
magnitude o f  12 mb, i s  no t  s i g n i f i c a n t .  The European megalop- 
o l i s  (M2) causes  a b i g  r e g i o n a l  res?onse .  A 8 mb d e c r e a s e  occu r s  
d i r e c t l y  ove r  t h e  a r e a  and t h e  r a t i o ,  r,  i s  g r e a t e r  than 5.0 
ove r  c e n t r a l  Europe and t h e  Medi te r ranean  s ea .  North o f  ?12, a 
p r e s s u r e  i n c r e a s e  o c c u r s  which i n c r e a s e s  f u r t h e r  e a s t  w i t h  a 
maximum of  2 4  mb o v e r  t h e  wes t e rn  p a r t  o f  t h e  S o v i e t  Union. 
There i s  no change d i r e c t l y  ove r  M3, b u t  a b i g  d e c r e a s e  down- 
s t ream of t h i s  a r e a  cove r s  p a r t s  o f  S i b e r i a .  M 4 ,  M5 and M6 
a l s o  cause  b i g  r e g i o n a l  responses .  I n  p a r t i c u l a r ,  s o u t h e a s t  
Asia  i s  covered by a l a r g e  p r e s s u r e  d e c r e a s e  w i t h  r be ing  g r e a t e r  
t h a n  5.0 i n  a b i g  p a r t  of t h i s  a r e a .  A s  a g e n e r a l  r e s u l t  it can 
be  s a i d  t h a t  f n  a l f l o s t  a l l  6 a r e a s ' t h e  h e a t  i n p u t  c a u s e s - l a r g e  
r e g i o n a l  p r e s s u r e  d e c r e a s e s .  The t o t a l  sum of changes i n  YxOI 
i s  comparable w i t h  t h o s e  i n  EXO1, t h e  magnitude and l o c a t i o n s  o f  
t h e  i n d i v i d u a l  changes ,  however, a r e  d i f f e r e n t .  
The changes i n  mean s e a - l e v e l  p r e s s u r e  i n  MX02 (F ig .  2b) 
show s t r o n g  s i m i l a r i t i e s  t o  t h o s e  observed  i n  MXO1. The p r e s s u r e  
i n c r e a s e  ove r  e a s t e r n  S i b e r i a  and Canada i s  even l a r g e r  t h a n  t h e  
i n c r e a s e  i n  MXO1. There  i s  t h e  same d e c r e a s e  ove r  M1 b u t  t h e  
changes ove r  Greenland and ove r  t h e  A t l a n t i c  a r e  much s m a l l e r  _ 
t h a n  t hey  w e r e  i n  t h e  p r ev ious  experiment.  The " s i g n a l  t o  n o i s e "  
r a t i o  o f  t h e  i n c r e a s e  ove r  t h e  A t l a n t i c ,  t h e r e f o r e ,  i s  less t h a n  
5.0 i n  MX02. M 2  c a u s e s  a b i g  p r e s s u r e  d e c r e a s e  which i s  on ly  
s l i g h t l y  s m a l l e r  i n  magnitude b u t  s t i l l  exceeds ,  a s  i n  MXO1, t h e  
model v a r i a b i l i t y .  North o f  M 2  occu r s  ano the r  p r e s s u r e  i n c r e a s e  
b u t  it i s  s m a l l e r  t h a n  t h e  one i n  MXO1. The p r e s s u r e  d e c r e a s e  
ove r  S i b e r i a  i n  MXO1 has  o n l y  a smal l  e q u i v a l e n t  i n  MX02 which 
i s  b a s i c a l l y  shown by a change o f  s i g n  i n  t h i s  a r e a .  M 4 ,  M5 and 
M6 s t i l l  cause  b i g  r e g i o n a l  changes ,  b u t  they  a r e  n o t  a s  b i g  a s  
i n  MXOl and exceed t h e  model v a r i a b i l i t y  on ly  i n  a much s m a l l e r  
a r e a .  
The model r e sponse  i n  s e a - l e v e l  p r e s s u r e  t o  t h e  30 TW 
s c e n a r i o  o f  MX03 (F ig .  2c) i s  s t i l l  s i m i l a r  t o  t h e  p r e v i o u s  ex- 
per iments .  The o n l y  a r e a ,  however, where t h e  " s i g n a l  t o  n o i s e "  
r a t i o  i s  b igge r  t h a n  5.0 i s  t h e  v i c i n i t y  o f  M 2 .  Of t h e  o t h e r  
a r e a s  which seem t o  b e  a f f e c t e d  by t h e  h e a t  i n p u t ,  o n l y  t h e  
A t l a n t i c  and a l a r g e  a r e a  n o r t h e a s t  o f  M 2  show s t r o n g  changes  
which a r e  a l s o  s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  MXOl and MX02. The 
changes ove r  s 6 u t h e a s t  As ia  a r e  a g a i n  s m a l l e r  t h a n  i n  MX02 and 
do n o t  seem t o  b e  s i g n i f i c a n t ,  
F i g u r e  2a. MXO1. 
F i g u r e  2b. MX02. 
F i g u r e  2c. MX03. 
F i g u r e  2. G e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  d i f f e r e n c e s  be tween  
t h e  l l e g a l o p o l i s  e x p e r i m e n t s  and  t h e  a v e r a g e  o f  t h e  
t h r e e  c o n t r o l  c a s e s  i n  40-day mean sea-level p r e s s u r e .  
Shaded areas i n d i c a t e  where  t h e  " s i q n a l  t o  n o i s e "  
r a t i o  i s  q r e a t e r  t h a n  5 .0  b a s e d  o n  t h e  s t a n d a r d  de- 
v i a t i o n  of t h e  40-day means.  U n i t s :  mb. 
I n  c o n t r a s t  t o  t h e  o t h e r  two exper iments  t h e r e  i s  a  p r e s s u r e  
d e c r e a s e  o v e r  a l l  o f  t h e  p o l a r  a r e a  i n  MX03. However it i s  n o t  
p o s s i b l e  t o  a t t r i b u t e  any p h y s i c a l  o r  s t a t i s t i c a l  s i g n i f i c a n c e  t o  
t h i s  change.  
F i g u r e  3  shows t h e  d i f f e r e n c e s  i n  40-day mean h e i g h t  of t h e  
500 mb s u r f a c e  between t h e  Mega lopo l i s  e x p e r i m e n t s  and t h e  
average  o f  t h e  t h r e e  c o n t r o l  c a s e s .  I n  MXOl ( F i g .  3 a ) ,  t h e  
l a r g e s t  changes  a r e  found o v e r  t h e  n o r t h e r n  P a c i f i c ,  t h e  A t l a n t i c  
and S i b e r i a ,  where t h e  r a t i o  i s  a l s o  g r e a t e r  t h a n  5.0. Compari- 
son  o f  t h e  changes  i n  t h e  h e i g h t  o f  t h e  500 rnb s u r f a c e  w i t h  
t h o s e  i n  s e a - l e v e l  p r e s s u r e  show i n t e r e s t i n g  s i m i l a r i t i e s .  
The s e a - l e v e l  p r e s s u r e  i n c r e a s e  o v e r  t h e  A t l a n t i c ,  w e s t e r n  
S i b e r i a  and A l a s k a ,  t h e  d e c r e a s e s  o v e r  t h e  S o v i e t  Union and t h e  
Medi te r ranean  c a n  be found a g a i n  a t  t h e  500 mb s u r f a c e .  The 
p r e s s u r e  r e s p o n s e  o v e r  t h e  U.S., s o u t h e a s t  A s i a  and Greenland,  
however, have no p a r a l l e l s  i n  t h e  h e i g h t  f i e l d .  
The g e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  d i f f e r e n c e s  between 
t h e  h e i g h t  o f  t h e  500 mb s u r f a c e  o f  MX02 and t h e  a v e r a g e  o f  t h e  
c o n t r o l  exper iments  i s  shown i n  F i g u r e  3b. A s  a l r e a d y  obse rved  
f o r  t h e  s e a - l e v e l  p r e s s u r e ,  t h e  changes  i n  t h e  h e i g h t  f i e l d  a r e  
v e r y  s i m i l a r  f o r  MXOl and MX02. I t  i s  a g a i n  t h e  a r e a  o v e r  
e a s t e r n  S i b e r i a  and Canada where t h e  changes  i n  MX02 are even 
l a r g e r  t h a n  i n  MXO1. S i m i l a r ,  b u t  smaller changes  a l s o  o c c u r  
o v e r  t h e  A t l a n t i c ,  Europe and t h e  S o v i e t  Union. An a d d i t i o n a l  
change is t h e  s m a l l  d e c r e a s e  o v e r  t h e  P a c i f i c .  A s  a l r e a d y  ob- 
s e r v e d  f o r  MXO1, t h e r e  a r e  a g a i n  s i m i l a r i t i e s  between t h e  d i s -  
t r i b u t i o n s  o f ' t h e  s e a - l e v e l  p r e s s u r e  and t h e  h e i g h t  o f  t h e  500 m b  
s u r f a c e  i n  MX02. P a r t i c u l a r l y  Europe, t h e  A t l a n t i c  and S i b e r i a  
show a  s t r o n g  c o r r e l a t i o n  between t h e  t v o  v a r i a b l e s .  
The changes  i n  t h e  h e i g h t  f i e l d  i n  MX03 ( F i g .  3c)  a r e  a g a i n  
somewhat d i f f e r e n t  from t h e  o n e s  obse rved  f o r  MXOl and MX02. 
There  i s  a  d e c r e a s e  5n  t h e  h e i g h t  f i e l d  i n  t h e  p o l a r  l a t i t u d e s ,  
a  p a t t e r n  which h a s  a l r e a d y  been obse rved  f o r  t h e  s e a - l e v e l  
p r e s s u r e  i n  MX03. O t h e r  changes  o c c u r  o v e r  Cznada, where  t h e y  
a l s o  exceed t h e  model v a r i a b i l i t y  and o v e r  t h e  S o v i e t  Union. I t  
can be  s t a t e d ,  however, t h a t  t h e  magni tude  of  change i s  much 
s m a l l e r  i n  MX03 t h a n  i n  FIX01 and MX02. S i n c e  t h e  d i s t r i b u t i o n  of  
changes  i n  MX03 shows o n l y  two s m a l l  areas where t h e  " s i g n a l  t o  
n o i s e "  r a t i o  i s  g r e a t e r  t h a n  5.0, it can  i n  g e n e r a l  b e  s a i d  t h a t  
a h e a t  i n p u t  of 30 TW does  n o t  produce  changes  which c a n  b e  d i s -  
t i n g u i s h e d  from t h e  n o i s e  o f  t h e  mode l ' s  i n h e r e n t  v a r i a b i l i t y .  
I n  F i g u r e  4 ,  t h e  d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  o f  
t h e  l o w e s t  a t m o s p h e r i c  l a y e r  between t h e  Mega lopo l i s  e x p e r i m e n t s  
and t h e  a v e r a g e  o f  t h e  c o n t r o l  c a s e s  a r e  shown. I n  llXOl ( F i g .  
4 a ) ,  l a r g e  changes  o c c u r  ma in ly  o v e r  t h e  c o n t i n e n t s .  There  i s  
a  lo°C c o o l i n g  o v e r  Canada and S i b e r i a ,  which i s  c l e a r l y  r e l a t e d  
t o  t h e  i n c r e a s e  i n  s e a - l e v e l  p r e s s u r e ,  w i t h  t h e  r a t i o ,  r ,  b e i n g  
g r e a t e r  t h a n  5.0 i n  p a r t s  o f  S i b e r i a  and o v e r  M3. A 6 ' ~  warming 
o v e r  Greenland,  r e l a t e d  t o  t h e  d e c r e a s e  i n  s e a - l e v e l  p r e s s u r e  i n  
t h i s  a r e a ,  a l s o  h a s  a  h i g h  v a l u e  of  t h e  " s i g n a l  t o  n o i s e "  r a t i o .  
Figure 3a. MXO1. 
Figure 3c. MX03. 
Figure 3. Geographical distribution of the difference6 between 
the Megalopolis sxperiments and the average of the 
three control cases in the 40-day mean height of the 
500 mb surface. Shaded areas indicate where the 
"signal to noise" ratio is greater than 5.0 based 
on the standard deviation of the 40-day means. 
Units: dyn. m. 
Figure 4a. MXOI. 
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Figure 4c. MX03. 
Figure 4. Geographical distribution of the differences between 
the Megalopolis experiments and the average of the 
three control cases in 40-day mean temperature of the 
lowest atmospheric layer. 'Shaded areas indicate where 
the "signal to noise" ra-tio is greater than 5.0 based 
on the standard deviation of the 40-day means. Units: 
Oc. 
A s  i n  EXO1-EX05 t h e  tempera ture  response i n  a r e a s  away from t h e  
h e a t  i n p u t  i s  fo rced  by p r e s s u r e  response.  There i s  aga in  a 
l a r g e ,  p o s s i b l y  s i g n i f i c a n t  impact i n  Europe w i t h  a maximum 
4 '  warming ove r  t h e  laegalopol is  a r e a .  An 8 ' ~  i n c r e a s e  ove r  M5 
and a 5 ' ~  warming over  141 exceed t h e  model 's  i n h e r e n t  v a r i a b i l i t y .  
Again, t h e  b ig  r e g i o n a l  responses  of t h e  megalopol is  a r e a s  should 
be noted. M I ,  M 2  and M5 show l a r g e ,  p o s s i b l y  s i g n i f i c a n t  tem- 
p e r a t u r e  i n c r e a s e s  which a r e  a l s o  c o n s i s t e n t  w i th  t h e  f a c t  t h a t  h e a t  
i s  being added i n  t h e s e  a r e a s .  
S i m i l a r  o b s e r v a t i o n s  can be  made f o r  t h e  tempera ture  changes 
i n  MX02 (F ig .  4b ) .  The changes occur  mainly ove r  t h e  c o n t i n e n t s  
and a r e  p o s i t i v e  over  a lmos t  a l l  a r e a s  of  h e a t  i n p u t .  Again, MI, 
M 2  and M5 show l a r g e  r e g i o n a l  impacts which a l s o  exceed t h e  model 
v a r i a b i l i t y  i n  t h e  v i c i n i t y  of M 2  and M5. 
The changes i n  t h e  temperature  d i s t r i b u t i o n  i n  MX03 a r e  
smaller t han  i n  t h e  o t h e r  experiments and t h e r e  i s  on ly  one a r e a ,  
n o r t h  of MI, where t h e  " s i g n a l  t o  no ise"  r a t i o  i s  g r e a t e r  t han  
5.0. 
The geographica l  d i s t r i b u t i o n  of t h e  d i f f e r e n c e s  i n  pre-  
c i p i t a t i o n  between t h e  Megalopolis  exper iments  and t h e  average 
of t h e  c o n t r o l  c a s e s  ( n o t  i l l u s t r a t e d )  shows t h e  l a r g e s t  changes 
i n  t h e  t r o p i c s .  Th i s  has  been found a l r e a d y  i n  t h e  p rev ious  ex- 
per iments  and has  been expla ined  t h e r e .  One c o n s i s t e n t  response  
i n  t h e  energy parks  exper iments  was t h e  s i m i l a r  p a t t e r n  of 
p r e c i p i t a t i o n  d i f f e r e n c e s  i n  t h e  v i c i n i t y  of park A. There was a 
dec rease  i n  p r e c i p i t a t i o n  i n  a band upstream of park A and an 
i n c r e a s e  immediately downstream. 
Th i s  p a t t e r n  can t o  some e x t e n t  a l s o  be found i n  t h e  Ilega- 
l o p o l i s  expe r inen t s .  There are i n c r e a s e s  i n  p r e c i p i t a t i o n  
downstream of  M I ,  M 2  and M5 and s o u t h e a s t  of M 4  i n  a l l  exper i -  
ments. A dec rease  occu r s  ove r  t h e  A t l a n t i c  upstream of M 2  and 
an  a r e a  upstream of M 4 .  The impact of M 4  and M5 on p r e c i p i t a t i o n ,  
however, must be cons idered  wi th  some c a u t i o n  because of  t h e  
l a r g e  i n h e r e n t  v a r i a b i l i t y  of t h e  model 's  p r e c i p i t a t i o n  i n  t h i s  
a r e a .  A s  a l r e a d y  observed i n  t h e  prev ious  experiments f o r  park  
A, it i s  seen  t h a t  t h e  p r e c i p i t a t i o n  i n c r e a s e  on t h e  downstream 
s i d e  of M I ,  M 2 ,  M 4  and M5 i s  somehhu a s s o c i a t e d  wi th  t h e  p r e s s u r e  
decrease  i n  t h e s e  r e g i o n s .  On t h e  upstream s i d e  of t h e  a r e a s  
mentioned, t h e  p r e s s u r e  changes can n o t  be  c o n s i s t e n t l y  a s s o c i a t e d  
wi th  t h e  changes i n  p r e c i p i t a t i o n .  Only t h e  p r e s s u r e  i n c r e a s e  
over  t h e  A t l a n t i c  r e l a t e s  t o  t h e  l a r g e  p r e c i p i t a t i o n  dec rease  i n  
t h i s  a r ea .  A s  it was noted f o r  t h e  o t h e r  v a r i a b l e s ,  t h e  o v e r a l l  
impact on p r e c i p i t a t i o n  dec reases  a s  w e l l  i f  t h e  h e a t  i n p u t  i s  
smal le r .  
I t  i s  worthwhile t o  compare t h e  above r e s u l t s  w i th  t h o s e  of  
t h e  NCAR Megalopolis exper iment  (Llewellyn and Washington, 1977) .  
The l a t t e r  showed a 1 2 ' ~  warming over  t h e  energy consumption 
a r e a .  The on ly  o t h e r  b i g  change r e p o r t e d  was a 6'C coo l ing  over  
Greenland. This  i s  q u i t e  a d i f f e r e n t  response  compared t o  MXOl 
where t h e r e  was a change of  o p p o s i t e  s i g n  over  Greenland and on ly  
a small change over MI. The changes in MXO1, however, are a 
henispheri,c response to heat inputs in six areas as compared 
with one megalopolis in the NCAR experiment. 
CONCLUSIONS 
Three experiments have been run with the atmospheric general 
circulation model of the U.K. Meteorological Office to investigate 
the response of the simulated atmospheric circulation to an input 
of heat totaling 300, 50 and 30 TW at six megalopopis locations 
in the northern hemisphere. The results of these experiments can 
(to a limited extent) be compared with those of earlier IIASA 
experiments with the same model investigating the response to 
ocean energy ?arks. 
It is found that when the heat input of 300 TW is spread 
over six areas the hemispheric response is comparable to that 
when the heat input is concentratd at only two energy parks. 
There is still a sufficient number of areas over which the 
"signal to noise" ratio is greater than 5.0 to suggest that there 
is a significant model response to the megalopolis heat in?ut. 
A further result is the strong re~ional response of some of the 
megalopolis areas. 
As in the earlier model experiments there are large coherent 
areas of change in the sea-level pressure and 500 mb height 
fields and distribution of temperature in the lowest atmospheric 
layer, not only over the area of heat input but elsewhere in the. 
hemisphere. 
If the heat input is reduced to 50 TW, the impact decreases 
only slightly, emphasizing again the strong nonlinear behavior 
of the model atmosphere. There are also strong similarities in 
the response to 300 TW and that to 50 TW. A further reduction 
of the waste heat release to 30 TW, a tenth of the amount used 
in llXOl and some of the previous IIASA energy parks experiments, 
seems to bring the response of the model atmosphere closer in 
the neighborhood of the model climate, as defined by the average 
of the three control experiments. 
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